The physical controlling factors on coastal plant communities are among the most dynamic of known ecosystems, but climate change alters coastal surface and subsurface hydrologic regimes, which makes rapid measurement of greenhouse gas fluxes critical. Greenhouse gas exchange rates in these terrestrial-aquatic ecosystems are highly variable worldwide with climate, soil type, plant community, and weather.
aquatic continuum including estuarine salt marshes and the freshwater marshes of coastal river floodplains is one of the most dynamic ecosystems on Earth at annual, monthly, diel, and shorter timescales (Bauer et al., 2013; Regnier et al., 2013) . This coastal continuum was recently identified as an important gap connecting the land and ocean compartments conventionally used in global modeling, and having the potential to close remaining uncertainties in elemental budgets (U.S. DOE, 2017).
Estimates of the global areal extent of salt marshes (wetland ecosystems described by Cowardin, Carter, Golet, & LaRoe, 1979) vary widely, for instance, 22,000 km 2 vs. 3,510 km 2 (Chmura, Anisfeld, Cahoon, & Lynch, 2003; Himes-Cornell, Pendleton, & Atiyah, 2018) . Although coastal salt-marsh ecosystems are relatively constricted in spatial extent, the mean global carbon burial rate of coastal salt-marsh sediments is estimated to be 218 ± 24 g carbon (C) m −2 year −1
, more than an order of magnitude greater than tropical, temperate, or boreal forest soils (Mcleod et al., 2011) .
The accurate and precise measurement of the variability of gas exchanges and environmental drivers in these frequently flooded and very spatiotemporally dynamic wetlands remain substantial and important challenges (Witte & Giani, 2016) . Few coastal wetlands data sets include fluxes of the greenhouse gases, carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O), which limits modeling of interactions and source-sink function including C and nitrogen (N) (Neubauer, 2014) . Methane emissions are known to be low (1 ± 2 g m −2 year −1 ) in polyhaline marshes (salinity > 18 parts per thousand (ppt); Poffenbarger, Needelman, & Megonigal, 2011) . Median N 2 O fluxes from salt marshes are also low (Murray, Erler, & Eyre, 2015) .
Yang and Silver (2016) showed that fluxes can significantly differ between marsh plant communities associated with different elevation zones. Nitrogen loading, for example, from agricultural and waste-management practices, has been shown to increase N 2 O fluxes from salt marshes (Chmura et al., 2003; Moseman-Valtierra et al., 2011) and increase the abundance of soil microbial genes related to the denitrification pathway (Graves et al., 2016) .
In the absence of extreme storm surge events, salt marshes are flooded once or twice a day depending on the prevailing tidal regime. Conventionally, headspace air samples are collected from chambers and transported to the laboratory for gas chromatography, so available data are weighted toward the growing season (reviewed by Murray et al., 2015; Poffenbarger et al., 2011) . The published record contains frequent examples of short-term studies with very few data points. Samples are usually collected at low tide during the day (e.g., Chmura et al., 2003; Yang & Silver, 2016) . This means that storm events in coastal marshes cannot safely be sampled by these methods, yet surface and groundwater hydrodynamics are important controlling factors for the soil-plant system (Mcleod et al., 2011) .
Such limited sampling and measurement gaps complicate the modeling of these dynamic terrestrial-aquatic ecosystems that are affected by manifold drivers of nearshore hydrodynamics, both periodic and event-driven (e.g., Jay, Leffler, Diefenderfer, & Borde, 2015; Wolanski & Elliott, 2015) . An upward trend in extreme coastal high water levels is "very likely" (IPCC, 2013). Regional and global modeling efforts such as the Community Earth System Model and gas-specific models (Lu et al., 2018; Randerson et al., 2015) would be reinforced by data at sub-daily time intervals from autonomous recording instruments deployed for months to years (Metcalfe et al., 2017) . Such methods are needed to achieve better understanding of interacting environmental factors that influence salt-marsh biochemistry and have implications through the full range of time and event space.
Our purpose was to develop an approach to adapt, test, and improve an off-the-shelf system for terrestrial soil-atmosphere gas flux data collection, which we deployed in the coastal salt-marsh environment in the northern mid-latitudes of the eastern Pacific
Ocean. Here, coastal storm surges associated with atmospheric pressure changes are frequent winter occurrences causing severe coastal impacts when coincident with high tides or anomalous sea levels (Mote et al., 2014; NRC Ocean Studies Board, 2012) . Tidal wetlands of the northeast Pacific such as these have received far less study than those of the Atlantic (Callaway et al., 2012) . As a result, saltmarsh gas exchange studies primarily have focused on plant communities with Spartina species, perennial graminoids with C4 metabolism, most of which are non-native to northeastern Pacific salt marshes.
We also assessed the small-scale spatial variability of CO 2 , CH 4 , and N 2 O exchanges at hourly time intervals during and between winter storm surges, day and night, for approximately 1 lunar month, and environmental forcing factors at the same or higher frequency of measurement. To scale up our findings, we used global warming potential (GWP) and sustained-flux global warming and cooling potentials (SGWP and SGCP; Neubauer & Megonigal, 2015) . We implemented recommended scenario-based approaches (NRC Ocean Studies Board, 2012) to examine implications of expected increases in the frequency of storm surges for fluxes of the three gases.
| MATERIALS AND METHODS
Additional supporting information about vegetation sampling (Supporting Information Appendix S1), estimation of linear gas fluxes (Supporting Information Appendices S2 and S3), and software improvements (Supporting Information Appendix S3; Box S1) is provided.
| Study site
Research was conducted in a back-barrier salt marsh (Allen, 2000) with a mixed semidiurnal tidal regime, located at the entrance to Sequim Bay off the Strait of Juan de Fuca in the northern mid-latitudes ( Figure 1 ). We assessed the species composition and relative cover of salt-marsh flora on the study site along nine parallel transects using the line intercept method three times since 1996 (Supporting Information Appendix S1). Based on previously unpublished data collected in 2013, the marsh is dominated (64.7% average cover) by Sarcocornia perennis (Mill.) A. J. Scott (chickenclaws), which has had >61% average cover at the research site since 1996 with little variation (Supporting Information Figure S1 ). A perennial succulent plant, Sarcocornia perennis, is a member of a globally distributed halophytic genus and has a low rate of photosynthetic CO 2 assimilation by the C3 metabolic pathway (Davy et al., 2006; Kadereit, Mucina, & Freitag, 2006; Nieva, Castellanos, Figueroa, & Gil, 1999) .
Four other typical salt-marsh species have remained present on the marsh since 1996: Distichlis spicata (average percent cover in 2013 of 13.7%), Atriplex patula (9.4%), Triglochin maritimum (2.5%), and Sperigularia marina (2.3%).
The salinity in water at the nearby dock (Figure 1 ) was 30.10 ± 0.21 ppt (L. J. Kuo, PNNL, unpubl. data, February 18-20, 2016) . The sediment accretion rate of the marsh as determined by cesium is about 3 mm/year, within the typical range of the U.S. Pacific Northwest region (Thom, 1992) . The marsh has prograded into estuarine waters~1 m on average over 17 years, based on measurements from the marked ends of transects to the edge of the marsh in 1996 and 2013 (Supporting Information Table S1 ).
| Sampling design
To address small-scale spatial variability, we deployed four automated chambers within a small area of the marsh such that the maximum distance between chambers was 8.65 m and the minimum was 1.15 m. To address the high-frequency temporal variability aspect of the study objectives, we selected a measurement interval of 1×/hr for each chamber (i.e., four measurements of each gas per hour). The vegetation was included in chambers as is customary in marsh greenhouse gas flux studies (Poffenbarger et al., 2011; Whiting, Bartlett, Fan, Bakwin, & Wofsy, 1992) . To increase the chance of capturing a winter storm and the associated surge over the marsh, data collection was initiated on December 7, 2015. Data were collected for 35 days from December 7, 2015, through January 10, 2016.
Sampling encompassed one lunar month with both surge and nosurge periods occurring during new moons. Data collection was discontinued because of equipment malfunction.
| Soil-flux measurement and calibration
The CO 2 , CH 4 , and N 2 O gas concentrations were analyzed with a cavity ring-down spectrometer with a recirculation pump (Crosson, 2008 ) (model G2508, Picarro, Inc., Santa Clara, CA; Figure Table S2 , Figure S2 ). Frequency of inundation was calculated from data collected during the four 10-min chamber closures each hour.
The volume of plant material in each collar was measured by gently pressing a circular disk sized at the inside diameter of the collar down into the collar to compress the Sarcocornia. We measured the height of the disk at four equidistant locations immediately around the outside of the collar to account for variability in the soilsurface level, averaged the height measurements, and used the inside diameter of the collar to calculate the volume of a cylinder.
This measurement and the water-surface elevation in the marsh were used to correct the collar volume (Supporting Information Appendix S2 and Figure S4 ).
| Statistical analysis of corrected gas flux data
We identified one-week periods of storm surge (December 7, 2015 , through December 13, 2015 and no storm surge (January 3, 2016, through January 9, 2016) by comparing atmospheric pressure at sea level (mmHg) and the difference (delta) between the observed and predicted water elevations (m MLLW). We found that the maximum cross-correlation was at zero lag between the difference (delta) of the observed and predicted water elevation (m MLLW) and (a) (b) F I G U R E 2 Pilot-testing the soilatmosphere gas exchange measurement system on the salt marsh (November 2015). The gas analyzer, multiplexer, and recirculation pump (a) are connected to chambers (b) that close automatically to collect gas samples. The perennial halophyte Sarcocornia perennis (b) is redbrown in autumn, lacking green photosynthetic tissue (Davy et al., 2006) atmospheric pressure at sea level (mm Hg) and that they were highly negatively correlated (r = −0.92; Supporting Information Figure S3 ; Tables S3 and S4 ).
The autocorrelation of the average hourly gas flux data over chambers was low for all lags (r < 0.48). Thus, we compared the magnitude of the average hourly fluxes between periods of storm surge and no surge, between day and night, and between each combination of surge/no surge and day/night using a Kruskal-Wallis test of equal medians. The within-hour standard deviation was also compared between each of the periods using the Kruskal-Wallis test. A chi-square test of association between the flux type (positive, negative, and zero) and the surge/no-surge periods was also conducted. A chi-square test and a Fisher's exact test were conducted between flux (ignoring direction) vs. zero flux and the surge/no-surge periods.
We calculated the correlation of the average hourly gas flux with the average hourly wind speed (kmh), air temperature ( ), multiplied by the 100-year GWP without climate-carbon feedback (IPCC, 2013) and summed. Additionally, we multiplied the positive gas mass units times the 100-year SGWP and the negative mass units times the 100-year SGCP (Neubauer & Megonigal, 2015) and summed the products.
| RESULTS AND DISCUSSION
The automated system we tested was effective in detecting differences in gas exchange during an episodic winter flood tide surge compared with no-surge conditions in a mesotidal coastal salt marsh.
Over the course of the experiment (35 days), we collected 2,647 chamber measurements for each gas (789, 290, 779, and 789 for chambers 1-4, respectively). We identified 156 chamber-closure malfunctions and removed the data from the analysis, and identified 419 CO 2 , 1,883 CH 4 , and 2,385 N 2 O fluxes as not different from zero (Supporting Information Appendix S3). For CO 2 , it is unlikely that photosynthesis balanced respiration because the perennial Sarcocornia had senesced ( Figure 2b ; Davy et al., 2006) , but a result of a zero net flux is consistent with our use of the zero data. All analyses were based on the final hourly results that are provided and described in Supporting Information Figure S5 and Tables S5, S6, and S7. ; Supporting Information Table S9 ). Reports of winter fluxes from salt marshes are scarce in the literature, and virtually unavailable for Sarcocornia marshes (cf. Duarte et al., 2014) , despite its worldwide distribution (Kadereit et al., 2006) , so all comparisons to Sarcocornia marshes are specified in the following discussion. Where present in the literature, we also note the closely related genus Salicornia L., an annual plant susceptible to freezing (Kadereit et al., 2007) . In each of the following sections, the results and discussion are presented in order by trace gas: CH 4 , CO 2 , and N 2 O.
| Overview of results by gas
Background CH 4 flux levels were low with a median and Q3 of zero, and 25% of the observations showed an influx of atmospheric CH 4 . Maximum CH 4 fluxes often were not sustained for more than 1 hr, suggesting these peaks are likely associated with ebullition (Byrnes, Austin, & Tays, 1995) . It is known that salt-marsh CH 4 flux is reduced in cold months (Koebsch, Glatzel, & Jurasinski, 2013) and that salt marshes can function as minor sinks for atmospheric CH 4 via methanotrophy (Poffenbarger et al., 2011; Weston, Neubauer, Velinsky, & Vile, 2014 (Wang, 2018) , which may be related to warmer temperatures at the more southern locations of those studies affecting respiration rates (alternate units in Supporting Information Table S8 (chi-square p = 0.01) when water was in the collar. This is consistent with the impact of hydrostatic pressure on diffusion and ebullition processes (Reddy & DeLaune, 2008, p. 605) . Ebullition is consistent with the fact that of 425 nonzero CH 4 observations, efflux was only detected 27 times and influx was only detected 38 times when water was in the collar. Magenheimer, Moore, Chmura, and Daoust (1996) and Bu et al. (2015) also found that CH 4 flux decreased with increasing saturation. At the elevation of the soil collars, the marsh was inundated 15% of the time during the study period.
We detected a significantly greater median CO 2 flux during the day compared to the night (Kruskal-Wallis; p = 0.001) and during the day with no surge compared to all other periods (Kruskal-Wallis; p < 0.001). Presuming that photosynthesis is very low in this perennial-dominated plant community during winter and respiration is the dominant process (Figure 2b between chambers also was greater during the day (Kruskal-Wallis; p < 0.001). When water was in the collar, we detected a significant T A B L E 1 Descriptive statistics for the four-chamber mean hourly flux from December 7, 2015, to January 10, 2016 (n = 791 for the mean flux and 784 for the standard deviation between chambers). Analyses included all measurements of zero flux; therefore, statistics on averaged (mean) data are conservative We found very low absolute correlations (r < 0.13) between the hourly average gas fluxes and the wind speed, air temperature, water elevation, humidity, and solar radiance. The greatest correlations among the environmental variables were between wind speed and air temperature (r = 0.39) and wind speed and humidity (r = −0.35).
The chamber temperature, however, is highly correlated with the temperature recorded at the dock (r = 0.90).
| Storm surge scenarios and flux of carbon and nitrogen to the atmosphere
Using global mean sea level rise scenarios (Sweet et al., 2017) adjusted for a constant annual accretion rate at the study site (Thom, 1992) , the modeled increase in surge for the NOAA Intermediate-Low Scenario ranged from 0.5% surge in 2020 to 2.0% surge in 2100, and for the Intermediate-High Scenario ranged from 0.6% in 2020 to 9.8% in 2100.
During the night under current levels of surge, C from CH 4 was sequestered ( Figure 3a , Supporting Information Table S11 ). There was a positive average mass of C from CO 2 entering the atmosphere during our experiment under both surge and no-surge conditions processes (e.g., temperature and humidity) were held to the variability observed during our study. Also, these scenarios did not entirely account for fundamental marsh ecological processes involving the balance between water levels, sediment deposition, marsh accretion and progradation, primary productivity, and plant community succession. This study has shown that elucidation of dynamic processes such as ebullition, and distinction of key environmental drivers including water-surface elevation dynamics, light, and temperature, is possible with this data collection and analysis system. In future coastal and floodplain ecosystem studies, these autonomously deployed, nonsteady-state flow-through automated chambers may be paired with eddy covariance techniques to address questions of scale (Krauss et al., 2016) , and paired with soil type and microbial data to further examine biological functions (Graves et al., 2016) . Coastal marshes are subject to land conversion through reclamation, and information from long-term, unattended data collection will inform "blue carbon" assessments allowing comparison of alternative land uses (Pendleton et al., 2012) . Over geologic time, the position of vegetated F I G U R E 4 Estimated mass of C or N m −2 produced from CO 2 , CH 4 , and N 2 O during winter from year 2020 to 2100. Storm surge is increased under the NOAA Intermediate-Low and NOAA IntermediateHigh Scenarios (Sweet et al., 2017) adjusted for a constant annual marsh sediment accretion rate of 3 mm/year ecosystems along continental margins will continue to change with the forcing factors of relative mean sea level, tidal range, availability of mineral sediment, productivity of halophytic plants, and wetland auto-compaction (Allen, 2000) . Importantly, event-driven, episodic factors such as storm surge-an important phenomenon globallycan be poorly estimated by infrequent sampling. Thus, deployment of this system in coastal marshes would permit the inclusion of such events in greenhouse gas flux estimates. 
| Future applications
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